Many pathways important to the nervous system are regulated by the post-translational conjugation of ubiquitin to target proteins. The reversal of ubiquitination, or deubiquitination, is equally critical to neuronal function. By countering protein ubiquitination, deubiquitinating enzymes (DUBs) help control neuronal fate determination, axonal pathfinding and synaptic communication and plasticity. The significance of DUBs to the nervous system is underscored by links to various neurological diseases. Owing to cell type or substrate specificity, certain DUBs might also represent therapeutic targets for neurodegeneration. Here, we review recent findings that have shaped our current understanding of emerging functions for DUBs in the nervous system.
Ubiquitin and the nervous system
The development and function of the nervous system depends on cellular processes ranging from DNA transcription to protein degradation and on conserved signaling pathways between and within cells. These diverse processes and pathways rely on key regulatory elements that dictate the 'when' and the 'how' of neuronal development, function and disease. One such element is the post-translational conjugation of ubiquitin (Ub) (see Glossary) to proteins. An evolutionarily conserved 8.5 kDa protein expressed in all eukaryotic cells, Ub modulates the function of target proteins to which it is conjugated.
Ub first captured the interest of neuroscientists due to its presence in proteinaceous accumulations in various neurodegenerative diseases including neurofibrillary tangles in Alzheimer's disease (AD), Lewy bodies in Parkinson's disease (PD) and intranuclear inclusions in hereditary polyglutamine disorders [1] [2] [3] [4] [5] . Conjugation of Ub to proteins, or ubiquitination, occurs through the action of three classes of enzymes: E1 (Ub activating enzyme), E2 (Ub conjugating enzyme) and E3 (Ub ligase) (Box 1). Because Ub molecules can be attached to other Ubs through any one of seven lysines to form chains, a target protein can be modified by a single Ub (mono-ubiquitination) or by a poly-Ub chain. Depending on the type of ubiquitination (i.e. mono-or polyUb, and/or the type of Ub-Ub linkages), the conjugated protein is subjected to different fates (Box 1). Ub-Ub linkages through lysine 48 (K48) generally target proteins for degradation whereas Ub-Ub linkages through K63 are typically involved in non-degradative pathways, including protein sorting and DNA repair. Mono-ubiquitination of a protein is also usually associated with non-degradative pathways, such as changes in subcellular localization.
Like many other post-translational modifications, ubiquitination is reversible. Indeed, the process of deubiquitination is central for normal cellular functions. Deubiquitination is accomplished by deubiquitinating enzymes (DUBs) (Figures 1 and 2) . Some of the earliest work on DUBs was performed in the nervous system, including studies of a form of learning in Aplysia [6, 7] and of neuronal development in Drosophila melanogaster [8, 9] . The importance of specific DUBs to the nervous system was underscored by mutations in DUBs that cause neurological disorders in mice [10, 11] and humans [12] . Recently, the approach of targeting specific DUBs has emerged as a potential therapeutic route for some neurodegenerative diseases [13] . Many general reviews describe ). In this review, we focus solely on DUBs in the nervous system because of emerging evidence for their important functional roles in both the central and peripheral nervous system.
Deubiquitinating enzymes and the nervous system
The human genome encodes approximately 95 potential DUBs [18] , categorized into five classes based on homologies
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Glossary Ataxia: gross lack of coordination. A neurological symptom that usually indicates a dysfunction of neural pathways involved in motor coordination. Deubiquitinating enzymes (DUBs): a family of cysteine and metallo-proteases that cleave chemical bonds between ubiquitin molecules or between ubiquitin and another protein. K48-linked ubiquitin chains: ubiquitin-ubiquitin linkages that generally target substrate proteins for degradation by the proteasome. K63-linked ubiquitin chains: ubiquitin-ubiquitin linkages that generally target proteins in non-degradative pathways. Mono-ubiquitination: ubiquitin conjugation that involves a single moiety of ubiquitin. This type of ubiquitination can alter the sub-cellular localization of a protein and regulate cellular processes such as receptor trafficking and gene transcription. Poly-ubiquitination: ubiquitin conjugation that involves chains of >1 ubiquitin moiety. A variety of different types of ubiquitin chains are known (e.g. K6, K11, K27, K29, K33, K48 and K63-linked ubiquitin chains). Proteasome: a large molecular complex found in all eukaryotic cells, the proteasome selectively degrades poly-ubiquitinated proteins. It consists of the 20S particle, which proteolyses proteins and one or two regulatory 19S particles. Ubiquitin: a small regulatory protein that alters the interaction properties of proteins to which it is conjugated. Corresponding author: Todi, S.V. (stodi@med.wayne.edu)
